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Abstract 40 

During boreal summer, convective activity over the eastern Pacific (EPAC) inter-tropical 41 

convergence zone (ITCZ) exhibits vigorous intraseasonal variability (ISV). Previous 42 

observational studies identified two dominant ISV modes over the EPAC, i.e., a 40-day mode 43 

and a quasi-biweekly mode (QBM). The 40-day ISV mode is generally considered a local 44 

expression of the Madden-Julian Oscillation. However, in addition to the eastward 45 

propagation, northward propagation of the 40-day mode is also evident. The QBM mode bears 46 

a smaller spatial scale than the 40-day mode, and is largely characterized by northward 47 

propagation. While the ISV over the EPAC exerts significant influences on regional 48 

climate/weather systems, investigation of contemporary model capabilities in representing 49 

these ISV modes over the EPAC is limited.  50 

In this study, the model fidelity in representing these two dominant ISV modes over the 51 

EPAC is assessed by analyzing six atmospheric and three coupled general circulation models 52 

(GCMs), including one super-parameterized GCM (SPCAM) and one recently developed high-53 

resolution GCM (GFDL HIRAM) with horizontal resolution of about 50km. While it remains 54 

challenging for GCMs to faithfully represent these two ISV modes including their amplitude, 55 

evolution patterns, and periodicities, encouraging simulations are also noted. In general, 56 

SPCAM and HIRAM exhibit relatively superior skill in representing the two ISV modes over 57 

the EPAC. While the advantage of SPCAM is achieved through explicit representation of the 58 

cumulus process by the embedded 2-D cloud resolving models, the improved representation in 59 

HIRAM could be ascribed to the employment of a strongly entraining plume cumulus scheme, 60 

which inhibits the deep convection, and thus effectively enhances the stratiform rainfall. The 61 
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sensitivity tests based on HIRAM also suggest that fine horizontal resolution could also be 62 

conducive to realistically capture the ISV over the EPAC, particularly for the QBM mode.   63 

Further analysis illustrates that the observed 40-day ISV mode over the EPAC is closely 64 

linked to the eastward propagating ISV signals from the Indian Ocean/Western Pacific, which 65 

is in agreement with the general impression that the 40-day ISV mode over the EPAC could be 66 

a local expression of the global Madden-Julian Oscillation (MJO). In contrast, the convective 67 

signals associated with the 40-day mode over the EPAC in most of the GCM simulations tend 68 

to originate between 150oE-150oW, suggesting the 40-day ISV mode over the EPAC might be 69 

sustained without the forcing by the eastward propagating MJO. Further investigation is 70 

warranted towards improved understanding of the origin of the ISV over the EPAC. 71 

 72 
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1. Introduction  73 

Intraseasonal variability (ISV) plays a significant role in the tropical atmosphere (see Lau 74 

and Waliser, 2005; Zhang, 2005 for a thorough review). While the strongest ISV is found to be 75 

associated with the Asian monsoon, vigorous intraseasonal variations with a dominant period 76 

of 30-50 days (hereafter the 40-day ISV mode) in winds and convection have also been widely 77 

reported over the eastern Pacific inter-tropical convergence zone (ITCZ) during boreal summer 78 

(e.g., Knutson and Weickmann, 1987; Kayano and Kousky, 1999; Maloney and Hartmann, 79 

2000a; Maloney and Esbensen, 2003, 2007; de Szoeke and Bretherton, 2005; Jiang and 80 

Waliser, 2008, 2009; and many others). This 40-day ISV mode over the eastern Pacific 81 

(EPAC) is mainly characterized by eastward propagation, and is largely considered a local 82 

expression of the global Madden-Julian Oscillation (MJO; Madden and Julian, 1994). In 83 

addition to the eastward propagating component, northward migration of this ISV mode over 84 

the EPAC, noted by Jiang and Waliser (2008) and Maloney et al. (2008), exhibits a strong 85 

resemblance to its counterpart over the Asian summer monsoon region (Jiang et al., 2004).  86 

In addition to the 40-day ISV mode, a recent study by Jiang and Waliser (2009), based on 87 

an extended empirical orthogonal function (EEOF) analysis of rainfall data from the Tropical 88 

Rainfall Measuring Mission (TRMM), also suggested a second ISV mode over the EPAC 89 

ITCZ with a period of about 16 days (hereafter a quasi-biweekly mode; QBM). While quasi-90 

biweekly oscillations have been widely reported in many other areas (e.g., Asian monsoon 91 

region: Krishnamurti and Bhalme, 1976; Chen and Chen, 1993; Fukutomi and Yasunari, 1999; 92 

African monsoon: Janicot and Sultan, 2001; Sultan et al., 2003; Maloney and Shaman, 2008; 93 

North America monsoon: Mullen et al., 1998; Kiladis and Hall-McKim, 2004; Jiang and Lau, 94 

2008; Wu et al., 2009; South America: Paegle et al., 2000), this high-frequency QBM ISV 95 
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mode associated with the EPAC ITCZ has received little attention possibly due to an 96 

insufficiently long period of high-resolution observations over this region. The analysis by 97 

Jiang and Waliser (2009) further indicates that the QBM over the EPAC is largely 98 

characterized by a northward propagation.  99 

The ISV over the EPAC exerts significant influences on regional weather and climate, 100 

including tropical cyclone activity over the EPAC and the Gulf of Mexico (e.g., Maloney and 101 

Hartmann, 2000b; Maloney and Hartmann, 2000a; Molinari and Vollaro, 2000; Higgins and 102 

Shi, 2001; Aiyyer and Molinari, 2008; Barrett and Leslie, 2009), the summertime wind jets in 103 

the Gulfs of Tehuantepec and Papagayo (Maloney and Esbensen, 2003), the Caribbean Low-104 

Level Jet (Serra et al., 2010) and precipitation (Martin and Schumacher, 2010), the mid-105 

summer drought over Central America and Mexico (Magana et al., 1999; Small et al., 2007), 106 

the North American monsoon (Higgins and Shi, 2001; Lorenz and Hartmann, 2006; Wu et al., 107 

2009), and possibly the El Nino evolution (Vintzileos et al., 2005). Furthermore, if the 108 

predictability of the EPAC ISV is similar to the MJO (about 2-4 weeks; Waliser, 2006; Jiang et 109 

al., 2008), a better understanding of the ISV over the EPAC would greatly benefit the 110 

improved predictive skill for regional climate.  111 

The study of the capability of general circulation models (GCMs) to represent the MJO 112 

has been the subject of widespread interest in the climate research community (e.g., Slingo et 113 

al., 1996; Slingo et al., 2005; Lin et al., 2006; Kim et al., 2009). However, much less effort has 114 

been placed on the assessment of GCM simulations of the ISV over the EPAC. Lin et al. 115 

(2008b) analyzed simulations of the North American Monsoon in conjunction with the ISV and 116 

easterly waves over the EPAC by the 22 Coupled Model Intercomparison Project-3 (CMIP3) 117 

models used in Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report 118 

(AR4). Their results indicate that most of the IPCC AR4 GCMs tend to underestimate the 119 
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variances of the ISV over the EPAC. Meanwhile, these models also poorly capture the 120 

eastward propagation of the observed ISV. By using a regional coupled model, a recent study 121 

by Small et al. (2010) illustrates that both the MJO forcing from the west and local convection-122 

circulation feedbacks are important for the ISV over the EPAC, whereas the air-sea coupling 123 

only plays a minor role. 124 

In the present study, we examine model capabilities in simulating the ISV over the EPAC 125 

in nine GCMs. In eight of the nine models analyzed herein, MJO variability was evaluated by 126 

the Climate Variability and Predictability (CLIVAR) MJO Working Group (Kim et al., 2009), 127 

using a standardized diagnostic approach (Kim et al., 2009; US CLIVAR Madden-Julian 128 

Oscillation Working Group, 2009).  Most of these models have recently been updated since the 129 

IPCC AR4, including one super-parameterized AGCM (SPCAM), which utilizes embedded 2-130 

D cloud-resolving models (CRMs) instead of conventional cumulus parameterization 131 

(Khairoutdinov et al., 2005), and an operational forecast model (CFS; Saha et al., 2006) at the 132 

National Oceanic and Atmospheric Administration (NOAA). The ninth model analyzed herein 133 

is a new high resolution atmospheric model (HIRAM; Zhao et al., 2009), developed at 134 

NOAA’s Geophysical Fluid Dynamics Laboratory (GFDL). We will evaluate how well the two 135 

leading ISV modes over the EPAC are represented in these models.  136 

The organization of this paper is as follows. The models and observational datasets used 137 

for this study are briefly described in Section 2. In Section 3, summer mean state and ISV 138 

variances over the EPAC simulated by the GCMs are inspected. In Section 4, we focus on 139 

examining how well the observed two leading ISV modes are represented in the GCMs. 140 

Finally, a summary and a discussion are presented in Section 5. 141 

2. Participating models and observational datasets 142 
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A brief description of the nine models used in this study, including model names, 143 

horizontal and vertical resolutions, and integration period, is given in Table 1. Note that while 144 

the sub-grid cumulus processes in the parent GCM of SPCAM are explicitly represented based 145 

on the embedded 2-D CRMs, they are parameterized based on mass-flux-type schemes in all 146 

other eight conventional GCMs, in which clouds are represented by single or multiple updrafts 147 

and downdrafts with the assumption of steady-state clouds. More details of the three coupled 148 

(CFS, CM2.1, ECHAM4/OPYC) and five uncoupled (CAM3.5, CAM3z, GEOS51 , SNU, 149 

SPCAM) GCMs participating the MJOWG model comparison can be found in Kim et al. 150 

(2009), and also from the website: http://climate.snu.ac.kr/mjo_diagnostics/index.htm.  151 

In addition to the eight models employed by Kim et al. (2009), simulations based on the 152 

GFDL HIRAM are also analyzed in this study. The HIRAM was recently developed based on 153 

the standard version of GFDL AGCM (AM2; Anderson et al., 2004), i.e., the atmospheric 154 

component of the GFDL CM2.1, to improve the deficiency in the AM2 in simulating tropical 155 

transient activity (Zhao et al., 2009). This model has been used in studies of hurricane 156 

interannual variability, multi-decadal trends, responses to 21st century warming as well as 157 

seasonal hurricane predictions for both N. Atlantic and E. Pacific (Zhao and Held, 2010; Zhao 158 

et al., 2010). The major changes in the HIRAM to the AM2 include: employment of a finite-159 

volume core based on a cubed-sphere grid instead of a longitude-latitude grid in the AM2; an 160 

increase of the vertical levels from 24 to 32, with extra vertical resolution particularly near the 161 

tropopause; replacement of the prognostic cloud fraction scheme following Tiedtke (1993) in 162 

the AM2 with a simpler assumption concerning the PDF of total cloud water; and replacement 163 

																																																								
1	Note that the GEOS5 model used to produce the simulation analyzed here is essentially the same 
model used in the production of the Modern Era Retrospective-Analysis for Research and Applications 
(MERRA; Bosilovich et al., 2006), though is run here at coarser resolution. 
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of the relaxed Arakawa-Schubert convective closure in AM2.1 with a strongly entraining 164 

plume scheme following the parameterization of shallow convection by Bretherton et al. 165 

(2004). For more details on HIRAM, readers are referred to Zhao et al. (2009). The horizontal 166 

resolution of the standard version of HIRAM is about 50 km. In order to further investigate the 167 

dependence of the ISV simulation over the EPAC on the model horizontal resolution, we also 168 

analyze output from an additional run based on HIRAM but with a reduced horizontal 169 

resolution of about ~2.5 degrees (hereafter HIRAM-lores). This horizontal resolution is 170 

comparable to those in most of the other GCMs analyzed in this study.   171 

Note that all the six AGCMs analyzed here are forced by observed monthly mean sea 172 

surface temperature (SST) during the periods listed in Table 1. Daily output of rainfall and 173 

850hPa wind fields over the EPAC from the above nine models are analyzed and compared to 174 

observations including the mean state and intraseasonal variances. Rainfall observations are 175 

based on Tropical Rainfall Measuring Mission (TRMM, version 3B42; Huffman et al., 1995) 176 

during the period from 1998 to 2008. TRMM 3B42 rainfall is a global precipitation product 177 

based on multi-satellite and rain gauge analysis. It provides precipitation estimates with 3-178 

hourly temporal resolution on a 0.25-degree spatial resolution in a global belt extending from 179 

50oS to 50oN.  The raw TRMM rainfall is interpolated onto 1o by 1o daily data. Daily wind 180 

fields during the same period of the TRMM rainfall are obtained from the recent European 181 

Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis, e.g., ERA-Interim 182 

(Simmons et al., 2006; hereafter ERA-I reanalysis), with a horizontal resolution of 1.5o by 1.5o. 183 

3. Summer mean state and ISV variances simulated by GCMs 184 

a. Summer mean state 185 
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Figure 1 depicts observed and simulated summer mean rainfall (shaded) and 850hPa 186 

winds (vectors) over the EPAC. The observed summer mean rainfall over the EPAC (Fig. 1a) 187 

is largely characterized by the elongated rain belt along the ITCZ near 10oN, and a broad rain 188 

zone at the far eastern end of the EPAC, known as the EPAC warm pool. Rainfall signals over 189 

Central America and Mexico are also seen with a northwestward extension along Sierra Madre 190 

Occidental off the Gulf of California (GoC), representing the core region of the North 191 

American monsoon (NAM). Meanwhile, rainfall over South American continent is also 192 

observed. Accompanying this rainfall pattern, the most prominent feature in the observed 193 

850hPa wind fields over the EPAC is the convergent flow at the ITCZ, namely, the 194 

northeasterly winds to the north, and the southeasterly winds and cross-equatorial flow to the 195 

south of the ITCZ.  196 

All the GCMs generally capture the bulk features of the ITCZ rain belt and the NAM, 197 

although most of the models tend to overestimate the rainfall amplitude, particularly over the 198 

coastal region near Panama. Two models, ECHAM4/OPYC and SNU, show a discontinuous 199 

ITCZ belt near 120oW. HIRAM simulates well the spatial pattern of mean rainfall but with too 200 

strong amplitude. The mean rainfall patterns simulated in the two versions of HIRAM are 201 

largely similar; the improvement of the NAM rainfall is discernible in the high resolution run. 202 

Generally, among the nine models, SPCAM displays relatively better simulations of the 203 

observed ITCZ rainfall in terms of both amplitude and pattern. However, the rainfall over 204 

South America is underestimated in SPCAM; in contrast, it is too strong in GEOS5.  205 

While these GCMs are largely capable of simulating the mean rainfall pattern, most of 206 

them exhibit large deficiencies in simulating the observed convergent flow at 850hPa 207 

associated with the ITCZ. In particular, the southerly cross-equatorial flow is not simulated in 208 
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most of the GCMs except ECHAM4/OPYC, CFS and GEOS5. Given that these deficiencies 209 

are evident in both AGCMs and CGCMs, and also in both high and low-resolution versions of 210 

HIRAM, the air-sea coupling and horizontal resolution may not explain why observed 211 

convergent flow at 850hPa is poorly simulated. Further inspection of the vertical wind 212 

structures in HIRAM shows that this model represents both the deep and shallow overturning 213 

Hadley cells over the EPAC as described by Zhang et al. (2004), although the simulated 214 

southerly cross-equatorial flow is mainly confined below 850hPa (not shown). In contrast, in 215 

ERA-I reanalysis, this southerly flow extends higher in the atmosphere (800hPa), suggesting 216 

deficiencies in the PBL schemes in GCMs.  217 

b.10-90 day intraseasonal variances  218 

Figure 2 illustrates the standard deviation of 10-90-day band-pass filtered rainfall 219 

anomalies during boreal summer based on TRMM observations (Panel a) and model 220 

simulations (Panels b-k), which are often used to delineate the amplitude of the ISV activity. 221 

Note that in order to eliminate the potential influences of the horizontal resolution, rainfall 222 

fields based on all these datasets are interpolated onto the same 2.5o × 2.5o grids before 223 

calculating the standard deviations. The distribution of the observed ISV activity largely 224 

follows its summer mean rainfall pattern in Fig. 1a. The maximum activity center is observed 225 

near 10oN between 120oW and 90oW over the EPAC. The maximum amplitude of the ISV is 226 

underestimated in CAM3.5 and CM2.1 to some degree, and overestimated in CAM3z, CFS, 227 

ECHAM4/OPYC, and the two HIRAM runs. In CAM3z, an unrealistic ISV maximum extends 228 

from the east coast of Mexico to the EPAC. In SPCAM, the amplitude of the ISV over the 229 

EPAC is mostly comparable to the observations, although the maximum ISV activity appears 230 

in the coastal region instead of in the EPAC ITCZ in the observations, and it underestimates 231 
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the ISV variance over South America and Caribbean Sea. In spite of having too strong ISV 232 

variance, both HIRAM runs (Fig. 2j-k) capture well the observed spatial distribution of ISV 233 

activities. The weakening of the ISV amplitude with a decrease of the model horizontal 234 

resolution by HIRAM is noted by comparing the HIRAM and the HIRAM-lores simulations. 235 

Note that in addition to uncertainties in physical parameterization schemes, biases in simulated 236 

SST patterns could also be responsible for the deficiencies in the mean state and ISV variance 237 

patterns in the coupled GCM runs. For example, the too strong ISV activity over the eastern 238 

Pacific in CFS is partially due to local warm SST biases in this coupled run (Wang and Seo, 239 

2009). The underestimated summer mean rainfall and ISV activity over the ITCZ near 130oW 240 

in ECHAM/OPYC could be related to small cold SST biases over this region.  241 

Model skill in simulating summer mean rainfall pattern and the ISV variances over the 242 

EPAC is summarized in Fig. 3 by showing pattern correlations of mean rainfall between 243 

observations and GCM simulations on the x-axis and relative domain-averaged standard 244 

deviation amplitudes in GCMs to the observations on the y-axis. Both pattern correlation and 245 

domain-averaged amplitudes are derived over 150oW-60oW, 5oS-30oN. The dark “star” mark in 246 

Fig. 3 represents observations. SPCAM, HIRAM, and GEOS5 exhibit relatively higher 247 

correlation scores in simulating the mean rainfall pattern than other GCMs. The amplitude of 248 

the ISV in SPCAM is largely comparable to the observations. While ISV activity is too active 249 

in CFS, HIRAM, and CAM3z, it is too weak in the other five GCMs.  250 

4. Representation of the two leading ISV modes over the EPAC in GCMs 251 

In this section, we will examine how the two observed ISV modes, namely, the 40-day 252 

mode and the QBM, are represented in the GCMs. The approach to identify the leading ISV 253 

modes in both observations and each model is based on an EEOF analysis (Weare and 254 
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Nasstrom, 1982) of rainfall over the EPAC (140oW-90oW; EQ-30oN) following Jiang and 255 

Waliser (2009; hereafter JW09). Prior to the EEOF analysis, 3-day mean anomalous rainfall 256 

data (non-overlapping) are calculated from the daily 10-90 day band-pass filtered anomalies 257 

for both the TRMM observations and GCM simulations. Differing from the previous study of 258 

JW09 in which the rainfall data during all seasons were analyzed, in this study the EEOF 259 

analysis is only performed for boreal summer rainfall (May-October). The EEOF analysis is 260 

conducted with 9 temporal lags of the 3-day mean anomalous data.  261 

Figure 4 illustrates percentages of variances explained by ten leading EEOF modes based 262 

on observations and model simulations, where error bars are determined based on the formula 263 

by North et al. (1982). Similar to JW09, each of the two leading ISV modes over the EPAC 264 

based on observed rainfall is represented by a pair of EEOF modes in quadrature with each 265 

other, suggesting the propagating nature of these ISV modes; namely, the first (second) pair of 266 

the EEOFs represents the first (second) leading ISV mode. The evolution patterns of 267 

anomalous rainfall and 850hPa winds associated with the two observed leading ISV modes are 268 

depicted in Figs. 7a and 10a, respectively, which were derived by lag-regression of these fields 269 

versus the standardized time series for the EEOF1 and EEOF3. Since the ISV over the EPAC is 270 

rather damped during boreal winter due to local cold SSTs by strong gap winds (e.g., Xie et al., 271 

2005), the leading EEOF patterns of the TRMM rainfall derived here greatly resemble those in 272 

JW09.  273 

To identify model counterparts of the two observed leading ISV modes, pattern 274 

correlations are calculated between each of the first ten leading EEOF modes from each model 275 

simulation and observed EEOF1 / EEOF3. Prior to calculations of the pattern correlation, all the 276 

EEOFs based on both the observations and GCMs are interpolated onto 2.5-by-2.5-degree 277 
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grids covering 140oW-90oW, and EQ-30oN. Since the EEOF analysis is based on 3-day mean 278 

anomalous rainfall data with nine temporal lags, each of the obtained EEOFs consists of 279 

evolution patterns with nine sequential time steps, say from time -4 to +4 lags, with an interval 280 

of 3 days between neighboring time lags. To consider the possible phase differences between 281 

the EEOFs based on each dataset, which is not unexpected, lead/lag pattern correlations of the 282 

model EEOFs against the observations are calculated. Therefore, evolution patterns of 283 

observed EEOF1 / EEOF3 from time -3 to time +3 (e.g., a total of seven 2-D patterns with a 284 

duration of 21 days) are taken as a reference and pattern correlations are calculated against 285 

each leading EEOF based on the GCM which also contains seven of the total nine sequential 2-286 

D evolution patterns. Then, the maximum absolute value of these lead/lag correlation 287 

coefficients is selected to represent the pattern correlation between each model EEOF mode 288 

and the observed EEOF1/EEOF3. The EEOF mode with largest pattern correlation coefficient 289 

against the observed EEOF1 / EEOF3 will then be selected as the corresponding first / second 290 

ISV mode in each model. Note that as in the observations, each leading ISV mode in GCM 291 

simulations is also usually described by a pair of EEOF modes in quadrature with each other 292 

(see Fig. 4). Thus, based on the above pattern correlation approach, a pair of EEOFs can be 293 

identified as a candidate model counterpart of the first (40-day mode) and second (QBM) ISV 294 

modes in each GCM simulation. Adopting observed EEOF2 / EEOF4 instead of EEOF1 / 295 

EEOF3 as a reference when conducting pattern correlations will lead to similar results.  296 

The first and second leading ISV modes identified in each model, corresponding to the 297 

observed 40-day mode and the QBM, are denoted by red and blue dots in Fig. 4, along with the 298 

percentages of variances labeled in corresponding colors. In all the GCMs, the first two EEOFs 299 

(EEOF1 and EEOF2) show the largest pattern correlation coefficients against the observed 40-300 

day mode. While the pattern of the observed QBM is best depicted by second pair of EEOFs 301 
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(EEOF3 and EEOF4) in most of the GCMs, it is captured in the third pair of EEOFs (EEOF5 302 

and EEOF6) in CAM3z, SNU, and HIRAM-lores. The two pairs of EEOFs corresponding to 303 

the observed first and second ISV modes are in general well separated from each other in most 304 

of the GCMs except GEO5, in which an overlap of explained variances is evident between the 305 

first and second pairs of EEOF modes. It is worth mentioning, however, that not all these 306 

identified ISV modes in GCM simulations in Fig. 4 are able to realistically capture the 307 

observed two leading ISV modes over the EPAC.  308 

The pattern correlation coefficients of the first and second modes between model 309 

simulations and observations are illustrated in Figure 5. The results suggest that four GCMs, 310 

including CFS, SPCAM, HIRAM, and SNU, show the better skills in capturing the observed 311 

evolution pattern of the first ISV mode with pattern correlations surpassing 0.8. Particularly 312 

noteworthy is that both the standard and low-resolution versions of HIRAM exhibit excellent 313 

skill in depicting the observed 40-day ISV mode. This result may suggest that model physics 314 

rather than the horizontal resolution may play a more essential role in faithfully simulating the 315 

40-day mode over the EPAC. On the other hand, three GCMs, SPCAM, HIRAM, and GEOS5, 316 

demonstrate the best skill in simulating the second ISV mode, i.e., the QBM, with pattern 317 

correlations greater than 0.6. Caution needs to be exercised on the QBM in GEOS5 since this 318 

mode is not statistically significant based on North et al. (1982)’s criterion. It is interesting to 319 

note that while the QBM is well represented in the standard HIRAM, it is not well captured in 320 

its lower resolution version. This result suggests the importance of fine horizontal resolution in 321 

simulating the observed QBM over the EPAC, which may be due to the smaller scales of the 322 

QBM versus the 40-day ISV mode. Despite the coarse resolution (T42) of the parent GCM of 323 

SPCAM, the QBM is also well simulated by the SPCAM, indicating that an improved 324 
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simulation of the convective processes by the embedded 2D CRMs could represent another 325 

method for improving simulations of the ISV over the EPAC.    326 

Next, the dominant periodicities of the two leading ISV modes in each dataset are further 327 

examined by spectral analyses, which are applied to unfiltered principal components (PCs) 328 

corresponding to each ISV mode to mitigate possible effects caused by band-pass filtering. The 329 

unfiltered PCs are obtained by projecting the EEOFs corresponding to the leading ISV modes 330 

in each dataset onto unfiltered rainfall data (with the climatological annual cycle removed). 331 

The power spectrum of a particular ISV mode is then derived by averaging the spectra 332 

corresponding to the two quadratic EEOFs associated with this mode. Figure 6 illustrates the 333 

spectral density profiles of leading ISV modes based on both observed and model simulated 334 

rainfall, which have been normalized by their corresponding maximum values such that the 335 

peak value is unity in each profile. Spectral analysis based on TRMM rainfall (left columns in 336 

Fig. 6a,b) are consistent with JW09 and further confirm the dominant periods of about 40 and 337 

16 days associated with the observed first and second leading ISV modes over the EPAC. For 338 

the first ISV mode (Fig. 6a), CFS captures a spectral peak of about 50 days, while CAM3z, 339 

SNU, SPCAM, and HIRAM_lores simulate dominant periods of about 35 days, reasonably 340 

comparable to the observations. Higher frequency spectral peaks of the first ISV mode are 341 

found in other GCMs. Also note that although a peak spectrum of about 25 days is noticed in 342 

the standard HIRAM run, a second peak of about 35 days can also be detected. Meanwhile, a 343 

second 25-day peak is also noticed in the HIRAM_lores run, suggesting coexistence of these 344 

two prevailing periods in HIRAM and a shifting between each other with the change of the 345 

model horizontal resolution.  346 
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For the dominant periods of the second ISV mode, most of GCMs, except CM2.1, 347 

ECHAM4/OPYC, and HIRAM-lores, reasonably capture a quasi-biweekly period of the 348 

second ISV mode (Fig. 6b). In GEOS5, a higher-frequency mode with a period of 12 days is 349 

dominant, while a period of about 30 days is found in CM2.1 and HIRAM-lores, and about 50 350 

days in ECHAM4/OPYC. It is of particular interest to note that while a biweekly period of the 351 

second ISV mode is realistically simulated in the standard HIRAM run, it is not captured in its 352 

lower resolution version. This result further suggests that the increased horizontal resolution 353 

could be conducive to a better representation of the QBM over the EPAC.  354 

The evolution patterns of anomalous rainfall and 850hPa winds associated with the first 355 

ISV mode in the four aforementioned GCMs that exhibit better skill in pattern correlations are 356 

illustrated in Figure 7 along with their observational counterpart. In accord with previous 357 

studies (e.g., Maloney and Esbensen, 2007; Jiang and Waliser, 2008), the observed 40-day ISV 358 

mode is largely characterized by an eastward propagation (Fig. 7a). Anomalous southwesterly 359 

(northeasterly) low-level winds are found to be associated with enhanced (suppressed) 360 

convection. These observed features are largely captured in these GCM simulations although 361 

model deficiencies are also readily discerned. Consistent with strong ISV in the CFS as shown 362 

in Fig. 2f, it has much stronger ISV amplitude over the EPAC during its life cycle (Fig. 7b). 363 

While the observed ISV signals are largely confined to the north of 5oN, the signals are also 364 

apparent near the equator in the CFS simulation. For SNU (Fig. 7c), instead of a gradual 365 

eastward extension of the enhanced ISV convective signals as in the observations, the eastward 366 

shift of the ISV signals occurs very quickly from day -9 to day -6; then a quasi-stationary 367 

enhanced rain belt is evident along the EPAC ITCZ until day 0. The ISV simulated in the two 368 

versions of GFDL HIRAM generally exhibit similar evolution features. The increased 369 

horizontal resolution in the standard HIRAM promotes the capture of local details of the 370 
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observed ISV distribution and their evolution. For example, based on TRMM observations, the 371 

initiation of a suppressed convection signal first appears to the south of previously enhanced 372 

convection near 120oW (Fig. 7a, day 6). This process is well simulated in HIRAM (Fig. 7e, 373 

days 0~3) but not in its low-resolution version, although there is a slight eastward shift of the 374 

observed counterpart. It is also worthwhile to mention that this initiation process of the 375 

suppressed convection to the south of the previously enhanced convection is also detected in 376 

SPCAM (Fig. 7d, day 6), which may benefit from the embedded 2-D CRMs in spite of the 377 

relatively coarse horizontal resolution in its parent GCM of SPCAM.  378 

In Fig. 8, the eastward propagation associated with the first ISV mode over the EPAC is 379 

further examined by displaying time-longitude profiles of rainfall anomalies based on both 380 

observations and GCM simulations. To explore a possible linkage between the ISV over the 381 

EPAC and the western Pacific (WPAC), the Hovmöller diagram based on each dataset in Fig. 8 382 

covers longitudes ranging from 115oE to 80oW. Considering that eastward propagating ISV 383 

signals are mainly confined near the equator over the western Pacific, while they are largely 384 

trapped along the off-equatorial ITCZ over the EPAC, the rainfall in each panel is averaged 385 

between 10oS-15oN over the longitudes west of 150oW, and between 5oN-15oN east of 150oW. 386 

The slope of the dashed line over the eastern sub-domain of each panel represents the observed 387 

eastward phase speed of 4 deg day-1 between 140oW and 120oW (Fig. 8a). To the east of 388 

100oW, the westward propagating signal of the 40-day ISV mode is also observed.  389 

First the eastward propagation of the first ISV mode over the EPAC region (eastern sub-390 

domains) in GCM simulations is examined. It is shown that the four GCMs that exhibit 391 

relatively higher pattern correlation coefficients for the 40-day mode, i.e., CFS, SNU, SPCAM, 392 

and HIRAM as shown in Fig. 5, generally simulate a more realistic eastward propagation of 393 
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this mode over the EPAC. Both HIRAM versions capture well the eastward propagation of the 394 

first ISV mode. While the eastward propagation is reasonably well represented in SPCAM, the 395 

westward propagation near 100oW tends to be overestimated in this model. Consistent with our 396 

previous discussion, a very fast eastward propagation speed of about 15 deg day-1 over the 397 

EPAC is found in SNU. The eastward propagation over the EPAC associated with the 40-day 398 

ISV mode is not well defined in several other GCMs, including CAM3.5, ECHAM4/OPYC, 399 

CAM3z, GEOS5, and CM2.1. Moreover, relatively higher frequencies of the simulated first 400 

ISV mode compared to the observations are also clearly discerned in most of the GCMs 401 

(except CFS) based on Fig. 8.  402 

A noteworthy feature as illustrated by Fig. 8a is that the observed ISV signals over the 403 

EPAC are closely linked to the eastward propagating ISV over the WPAC, which can be 404 

further traced back to ISV signals over the Indian Ocean (not shown). This result may indicate 405 

the intimate linkage between the MJO and 40-day ISV mode over the EPAC, which is in 406 

agreement with a previous study by Maloney and Esbensen (2007) in which a very similar 407 

evolution pattern of the 40-day ISV mode as shown in Fig. 7a can be obtained by a lag-408 

regression onto a global MJO index instead of a local ISV index in the present study. In this 409 

regard, the 40-day ISV mode over the EPAC is generally regarded as the local expression of 410 

the global MJO. This is in agreement with regional model results by Small et al. (2010), which 411 

suggest that the phase of the ISV over the EPAC is determined by remote forcing associated 412 

with the MJO. Nevertheless, this strong linkage of the eastward propagating MJO from the 413 

Indian Ocean / WPAC and the 40-day ISV over the EPAC is not evident in the GCM 414 

simulations. The convective signals associated with the 40-day ISV mode over the EPAC tend 415 

to originate over the central Pacific between 150oE-150oW based on simulations by several 416 

GCMs that exhibit a more realistic 40-day ISV mode over the EPAC. While further 417 
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investigation is needed for a better understanding of the model deficiencies, these results 418 

indicate that the 40-day ISV mode over the EPAC could be sustained without a forcing from 419 

the eastward propagating MJO.  420 

In addition to the eastward propagation, recent study by Jiang and Waliser (2008) and  421 

Maloney et al. (2008) illustrated that this 40-day ISV mode over the EPAC also exhibits 422 

northward movement as has been similarly documented for the ISV associated with the Asian 423 

summer monsoon (e.g., Jiang et al., 2004; Annamalai and Sperber, 2005). Moreover, similar 424 

to its counterpart over the Indian Ocean, this northward propagating ISV over the EPAC is also 425 

characterized by positive anomalies of equivalent barotropic vorticity, lower-tropospheric 426 

specific humidity, and PBL convergence to the north of the ISV convection center. All these 427 

features are consistent with the “easterly vertical wind shear” mechanism previously proposed 428 

to explain the northward propagation of the ISV (Jiang et al., 2004), as both the Asian 429 

monsoon region and the EPAC are characterized by the easterly vertical wind shear associated 430 

with the Asian and North American monsoons (Jiang and Waliser, 2008).  431 

Figure 9 illustrates the northward propagation associated with the first ISV mode based 432 

on observed and simulated rainfall. The dashed line in each panel denotes the northward phase 433 

speed of about 0.6 deg day-1 that is observed over the EPAC (Fig. 9a). The northward 434 

propagating convective signals of the EPAC 40-day ISV mode are largely confined between 435 

5oN and 20oN (Fig. 9a). While only four of the nine GCMs are capable of realistically 436 

simulating the eastward propagation of the first ISV mode, most GCMs reasonably capture the 437 

northward movement associated with this mode. However, a variety of model simulation 438 

shortcomings are also apparent, including a fast propagation speed (e.g., CM2.1, SPCAM), 439 
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excessive amplitude (e.g., CFS, HIRAM), and differences in the latitudinal extent in the 440 

propagation (e.g., ECHAM4/OPYC, CAM3z, GEOS5, CFS).  441 

We next proceed to examine the GCM ability to simulate the second ISV mode over the 442 

EPAC. Figure 10b-d displays the evolution of anomalous rainfall and 850hPa winds associated 443 

with the second ISV mode based on three GCMs (SPCAM, HIRAM, and GEOS5) which 444 

exhibit relatively higher pattern correlation scores for this mode as presented in Fig. 5. In the 445 

observations (Fig. 10a), the second ISV mode (QBM) over the EPAC is largely characterized 446 

by a northward propagating dipole pattern with a spatial scale smaller than the 40-day ISV 447 

mode shown in Fig. 7a. The three GCMs reasonably capture the bulk evolution features of the 448 

QBM, although the model simulated QBM patterns tend to exhibit a stronger westward 449 

propagation component in addition to the northward movement. 450 

The northward propagation of rainfall anomalies associated with the second ISV mode in 451 

both observations and GCMs is further displayed in Fig. 11, where the dashed lines denote the 452 

observed northward phase speed of about 1.2 deg day-1. In addition to the aforementioned three 453 

GCMs in Fig. 10, ECHAM4/OPYC, SNU and CFS also capture reasonably well the northward 454 

propagation signals. The northward propagation is largely absent in CAM3.5, CM2.1, and 455 

HIRAM-lores. It is worthwhile to mention again that although the northward propagation of 456 

the QBM is very well captured by the HIRAM standard resolution run, it fails to be captured in 457 

its low-resolution run.  458 

5. Summary and discussion 459 

During boreal summer, convective activity over the EPAC is characterized by vigorous 460 

intraseasonal variability, which exerts a significant influence on regional climate and extreme 461 
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weather events. Therefore, improved understanding of, and increased predictive skill, for the 462 

ISV over the EPAC is of great importance to the extended-range regional climate prediction. 463 

Moreover, while current model capabilities in simulating the ISV over the eastern hemisphere 464 

have been extensively explored, particularly that over the Indian Ocean and western Pacific 465 

warm pool region, investigation of model fidelity in representing the ISV over the EPAC ITCZ 466 

remains limited.  467 

In the present study, we assess capabilities of current GCMs in simulating the ISV over 468 

the EPAC by analyzing simulations from six atmospheric-only and three coupled GCMs. 469 

These models include the super-parameterized SPCAM AGCM, the NOAA operational CFS 470 

forecast model, and the newly developed high resolution HIRAM AGCM from GFDL. The 471 

results presented in this study, thus, represent recent advances in modeling the ISV. Model 472 

output from a low resolution version of HIRAM is also analyzed to explore the sensitivity to 473 

horizontal resolution on simulation of the ISV over the EPAC. We focus our diagnosis on the 474 

two dominant ISV modes over the EPAC that have been recently identified based on TRMM 475 

rainfall observations, namely, a 40-day mode and a QBM. The periodicities, evolution patterns, 476 

and propagation features associated with these two ISV modes based on model simulations are 477 

compared to their observed counterparts.  478 

While it remains a great challenge for GCMs to faithfully represent the two leading ISV 479 

modes over the EPAC, a number of models exhibit encouraging simulations of many of the 480 

key features of these ISV modes. For the first ISV mode, i.e., the 40-day mode, four GCMs, 481 

CFS, SNU, SPCAM, and HIRAM, display relatively better skill in simulating the evolution 482 

pattern associated with this ISV mode including the eastward and northward propagation. 483 

Except for the CFS, which captures a 50-day spectral peak of the first ISV mode, the first ISV 484 

mode simulated in the other three aforementioned GCMs exhibits a higher frequency than the 485 
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observed 40-day period. Moreover, CFS suffers from a too active ISV over the EPAC. ISV 486 

signals simulated in the CFS can be discerned near the equator over the EPAC where the ISV 487 

is greatly damped in observations. Slightly stronger ISV amplitude is also found in HIRAM. It 488 

is noteworthy that both standard and low resolution versions of HIRAM capture the bulk 489 

features of the observed evolution patterns associated with the 40-day ISV mode, suggesting 490 

that improved model physics rather than the model horizontal resolution are essential for the 491 

improved simulation of the 40-day ISV mode in HIRAM over the GFDL CM2/AM2 on which 492 

HIRAM is based.  493 

On the other hand, the quasi-biweekly period of the second ISV mode is captured by 494 

most of the GCMs with GEOS5, SPCAM, and HIRAM exhibiting the best skill in depicting 495 

the evolution of the observed QBM. It is noteworthy that while the standard HIRAM with a 496 

50km horizontal resolution captures well the general characteristics of the observed QBM, the 497 

low resolution version with a horizontal resolution of 250km does not. This result indicates that 498 

fine horizontal resolution could be critical for capturing the second ISV mode over the EPAC, 499 

which could be partially due to the relatively smaller spatial scale features of the QBM.  500 

Overall, SPCAM and HIRAM show relatively superior skill in depicting both of the two 501 

dominant ISV modes, as well the summer mean rainfall pattern over the EPAC. It is generally 502 

considered that the explicit representation of the sub-grid cumulus process by the embedded 2-503 

D CRMs in SPCAM could be largely responsible for its improved performance. Similarly, the 504 

improved simulations of the ISV over the EPAC achieved in HIRAM over GFDL CM2/AM2 505 

could be largely ascribed to the improved cumulus parameterization schemes, most likely by 506 

adopting a strongly entraining plume cumulus scheme instead of the relaxed Arakawa-Schubert 507 

convective closure in AM2.1. It is largely believed that the adequate representation of rainfall 508 

from large-scale condensation in the GCMs could be essential to realistically simulate the life 509 
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cycle of ISV convection processes (e.g., Fu and Wang, 2009; Kim et al., 2009; Seo and Wang, 510 

2010). By adopting a strongly entraining cumulus scheme in HIRAM, the plume can only 511 

provide deep convection when the atmosphere is sufficiently moist. As a result, deep 512 

convection is sufficiently inhibited such that a substantial fraction of the rainfall in the tropics 513 

(30-40% in both HIRAM and HIRAM_lores runs) occurs through the large-scale cloud module 514 

rather than through the convection module in HIRAM (Zhao et al., 2009). In contrast, only 515 

7.5% of the total rainfall is through the large-scale condensation in AM2.1 (Zhao et al., 2009).  516 

The improved skill for the ISV over the EPAC by adopting a strongly entraining cumulus 517 

scheme in HIRAM is consistent with modeling studies by applying a “Tokioka modification” 518 

on convective triggering following Tokioka et al. (1988). With the Tokioka modification, any 519 

convective plume with an entrainment rate less than a threshold value (µmin=α/D, here α is a 520 

constant parameter, and D is the PBL depth) will be suppressed. The constant α determines the 521 

strength of the triggering of convection. In other words, convection is less likely to occur when 522 

a larger α is applied. It has been shown that the simulation of the MJO is very sensitive to this 523 

parameter α (e.g., Lee et al., 2003; Lin et al., 2008a; Kim et al., 2011). The Tokioka 524 

modification is implemented in three GCMs analyzed herein, e.g., SNU, GEOS5, and CM2.1, 525 

with values of α of, 0.1, 0.05, and 0.025, respectively. Therefore, relatively better skill in 526 

simulating the ISV over the EPAC in SNU model, in particular for the 40-day mode, could also 527 

benefit from the stronger Tokioka controls on convective triggering in this model. By either 528 

adopting a stronger entrainment rate as in HIRAM or applying a Tokioka modification in other 529 

GCMs, it makes convection more sensitive to environmental properties such as specific 530 

humidity. A strong sensitivity of convection on environmental moisture was also reported in 531 

SPCAM (Thayer-Calder and Randall, 2009), consistent with superior skills in representing the 532 

ISV in this model. Moreover, as previously mentioned, an increase of the horizontal resolution 533 
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appears to further help the simulation of the ISV over the EPAC, particularly for the second 534 

ISV mode.   535 

It is shown that the observed 40-day ISV mode over the EPAC is closely linked to the 536 

eastward propagating ISV signals from the Indian Ocean/ WPAC, which is largely consistent 537 

with previous regional model results that the phase of the ISV over the EPAC is determined by 538 

remote forcing associated with the MJO (Small et al., 2010). In contrast, in most of the GCMs 539 

with relatively more realistic simulation of the 40-day ISV mode over the EPAC, the 540 

convective signals associated with the 40-day mode over the EPAC tend to originate over the 541 

central Pacific between 150oE-150oW. These results suggest that the 40-day ISV mode over the 542 

EPAC could be sustained without the forcing by the eastward propagating MJO. Along these 543 

lines, a more detailed analysis of the observations is called for to illustrate and quantify how 544 

often ISV events in the EPAC derive from eastward propagating events from the west versus 545 

those which develop locally. 546 

It is also noteworthy that in the present study the dominant ISV modes in both 547 

observations and GCM simulations are identified based on EEOF analyses of 10-90-day 548 

filtered rainfall anomalies over the EPAC (EQ-30oN; 140oW-90oW). By conducting a similar 549 

EEOF analysis but for 10-20-day filtered outgoing long-wave radiation (OLR) over a greater 550 

domain including both the EPAC and Caribbean Sea (EQ-30oN; 130oW-60oW), a recent study 551 

by Wen et al. (2011) suggested a second QBM over the eastern Pacific in addition to the 552 

largely northward propagating QBM as discussed in this study. This second QBM tends to be 553 

associated with westward propagating convective signals originated over the eastern Atlantic 554 

Ocean, which was also noted by Kikuchi and Wang (2009), and could be associated with the 555 
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North American Monsoon variability on quasi-biweekly time scales (e.g., Jiang and Lau, 556 

2008; Wu et al., 2009).  557 

The characteristics of the ISV over the EPAC share a number of common features with 558 

its counterpart over the south Asian monsoon region, including the two dominant intraseasonal 559 

oscillation periods, the coupling of northward and eastward propagation of the 40-day ISV 560 

mode, and the background easterly vertical wind shear associated with the monsoonal 561 

circulation. Thus, examination of the ISV over the EPAC will not only improve our 562 

understanding of the climate variability over the EPAC, but also provides independent and new 563 

perspectives on the mechanisms for the ISV. Further investigations are warranted for improved 564 

understanding on various aspects of the ISV over the EPAC, including the role of the MJO on 565 

the ISV over the EPAC, how the low- and high-frequency ISV modes interact to make impacts 566 

on regional climate/weather events, and the role of multi-scale interaction associated with the 567 

ISV over the EPAC.  568 

 569 

 570 

Acknowledgments: We thank anonymous reviewers for their critical comments on an earlier 571 

version of this manuscript. Thanks also to Terry Kubar for his comments and editorial 572 

assistance. The first author (XJ) acknowledges support by NOAA CPPA program under Award 573 

NA09OAR4310191 and NSF Climate and Large-Scale Dynamics under Award ATM-574 

0934285. K. Sperber was supported under the auspices of the US Department of Energy Office 575 

of Science, Regional and Global Climate Modeling Program by Lawrence Livermore National 576 

Laboratory under contract DE-AC52-07NA27344. We thank U.S. CLIVAR MJO Working 577 

Group for coordinating this model comparison activity and modeling centers for providing the 578 

model output. Part of this research was carried out at the Jet Propulsion Laboratory, California 579 

Institute of Technology, under a contract with the National Aeronautics and Space 580 

Administration.   581 



	 26

References 582 

Aiyyer, A., and J. Molinari (2008), MJO and Tropical Cyclogenesis in the Gulf of Mexico and 583 

Eastern Pacific: Case Study and Idealized Numerical Modeling, J. Atmos. Sci., 65, 584 

2691-2704. 585 

Anderson, J. L., V. Balaji, A. J. Broccoli, W. F. Cooke, T. L. Delworth, K. W. Dixon, L. J. 586 

Donner, K. A. Dunne, S. M. Freidenreich, S. T. Garner, R. G. Gudgel, C. T. Gordon, I. 587 

M. Held, R. S. Hemler, L. W. Horowitz, S. A. Klein, T. R. Knutson, P. J. Kushner, A. 588 

R. Langenhost, N. C. Lau, Z. Liang, S. L. Malyshev, P. C. D. Milly, M. J. Nath, J. J. 589 

Ploshay, V. Ramaswamy, M. D. Schwarzkopf, E. Shevliakova, J. J. Sirutis, B. J. Soden, 590 

W. F. Stern, L. A. Thompson, R. J. Wilson, A. T. Wittenberg, B. L. Wyman, and G. G. 591 

A. M. Dev (2004), The new GFDL global atmosphere and land model AM2-LM2: 592 

Evaluation with prescribed SST simulations, J. Clim., 17, 4641-4673. 593 

Annamalai, H., and K. R. Sperber (2005), Regional heat sources and the active and break 594 

phases of boreal summer intraseasonal (30-50 day) variability, J. Atmos. Sci., 62, 2726-595 

2748. 596 

Barrett, B. S., and L. M. Leslie (2009), Links between Tropical Cyclone Activity and Madden-597 

Julian Oscillation Phase in the North Atlantic and Northeast Pacific Basins, Mon. 598 

Weather Rev., 137, 727-744. 599 

Bosilovich, M. G., S. D. Schubert, M. M. Rienecker, R. Todling, M. J. Suarez, J. Bacmeister, 600 

R. Gelaro, G.-K. Kim, I. Stajner, and J. Chen (2006), NASA’s Modern Era Retrospective-601 

analysis for Research and Applications, U.S. CLIVAR Variations, 4, 5-8. 602 

Bretherton, C. S., J. R. McCaa, and H. Grenier (2004), A New Parameterization for Shallow 603 

Cumulus Convection and Its Application to Marine Subtropical Cloud-Topped 604 

Boundary Layers. Part I: Description and 1D Results, Mon. Weather Rev., 132, 864-605 

882. 606 

Chen, T. C., and J. M. Chen (1993), The 10-20-Day Mode of the 1979 Indian Monsoon - Its 607 

Relation with the Time-Variation of Monsoon Rainfall, Mon. Weather Rev., 121, 2465-608 

2482. 609 

de Szoeke, S. P., and C. S. Bretherton (2005), Variability in the southerly flow into the eastern 610 

Pacific ITCZ, J. Atmos. Sci., 62, 4400-4411. 611 



	 27

Delworth, T. L., and others (2006), GFDL's CM2 Global Coupled Climate Models. Part I: 612 

Formulation and Simulation Characteristics, J. Clim., 19, 643-674. 613 

Fu, X., and B. Wang (2009), Critical Roles of the Stratiform Rainfall in Sustaining the 614 

Madden-Julian Oscillation: GCM Experiments, J. Clim., preprint, 0000-0000. 615 

Fukutomi, Y., and T. Yasunari (1999), 10-25 day intraseasonal variations of convection and 616 

circulation over East Asia and western North Pacific during early summer, J. Meteorol. 617 

Soc. Japan, 77, 753-769. 618 

Higgins, R. W., and W. Shi (2001), Intercomparison of the Principal Modes of Interannual and 619 

Intraseasonal Variability of the North American Monsoon System, J. Clim., 14, 403-620 

417. 621 

Hong, S. Y., and H. L. Pan (1998), Convective trigger function for a mass-flux cumulus 622 

parameterization scheme, Mon. Weather Rev., 126, 2599-2620. 623 

Huffman, G. J., R. F. Adler, B. Rudolf, U. Schneider, and P. R. Keehn (1995), Global 624 

Precipitation Estimates Based on a Technique for Combining Satellite-Based Estimates, 625 

Rain-Gauge Analysis, and Nwp Model Precipitation Information, J. Clim., 8, 1284-626 

1295. 627 

Janicot, S., and B. Sultan (2001), Intra-seasonal modulation of convection in the West African 628 

monsoon, Geophys. Res. Lett., 28, 523-526. 629 

Jiang, X., T. Li, and B. Wang (2004), Structures and Mechanisms of the Northward 630 

Propagating Boreal Summer Intraseasonal Oscillation, J. Clim., 17, 1022-1039. 631 

Jiang, X., and N.-C. Lau (2008), Intraseasonal teleconnection between North American and 632 

western North Pacific monsoons with 20-day time scale, J. Clim., 21, 2664-2679. 633 

Jiang, X., and D. E. Waliser (2008), Northward propagation of the subseasonal variability over 634 

the eastern Pacific warm pool, Geophys. Res. Lett., 35. 635 

Jiang, X., D. E. Waliser, M. C. Wheeler, C. Jones, M. N. Lee, and S. D. Schuert (2008), 636 

Assessing the skill of an all-season statistical forecast model for the Madden-Julian 637 

oscillation, Mon. Weather Rev., 136, 1940-1956. 638 

Jiang, X., and D. E. Waliser (2009), Two dominant subseasonal variability modes of the 639 

eastern Pacific ITCZ, Geophys. Res. Lett., 36. 640 



	 28

Kayano, M. T., and V. E. Kousky (1999), Intraseasonal (30-60 day) variability in the global 641 

tropics: principal modes and their evolution, Tellus Series a-Dynamic Meteorology and 642 

Oceanography, 51, 373-386. 643 

Khairoutdinov, M., D. Randall, and C. DeMott (2005), Simulations of the atmospheric general 644 

circulation using a cloud-resolving model as a superparameterization of physical 645 

processes, J. Atmos. Sci., 62, 2136-2154. 646 

Khairoutdinov, M. F., and D. A. Randall (2001), A cloud resolving model as a cloud 647 

parameterization in the NCAR Community Climate System Model: Preliminary results, 648 

Geophys. Res. Lett., 28, 3617-3620. 649 

Kikuchi, K., and B. Wang (2009), Global Perspective of the Quasi-Biweekly Oscillation, J. 650 

Clim., 22, 1340-1359. 651 

Kiladis, G. N., and E. A. Hall-McKim (2004), Intraseasonal modulation of precipitation over 652 

the North American monsoon region, in Proc. 15th Symp. On Global Change and 653 

Climate Variations, edited, Amer. Meteor. Soc., Seattle, WA. 654 

Kim, D., K. Sperber, W. Stern, D. Waliser, I. S. Kang, E. Maloney, W. Wang, K. Weickmann, 655 

J. Benedict, M. Khairoutdinov, M. I. Lee, R. Neale, M. Suarez, K. Thayer-Calder, and 656 

G. Zhang (2009), Application of MJO Simulation Diagnostics to Climate Models, J. 657 

Clim., 22, 6413-6436. 658 

Kim, D., A. H. Sobel, D. M. Frierson, E. Maloney, and I. S. Kang (2011), A Systematic 659 

Relationship between Intraseasonal Variability and Mean State Bias in AGCM 660 

Simulations, J. Clim.in press. 661 

Knutson, T. R., and K. M. Weickmann (1987), 30-60 Day Atmospheric Oscillations: 662 

Composite Life Cycles of Convection and Circulation Anomalies, Mon. Weather Rev., 663 

115, 1407-1436. 664 

Krishnamurti, T. N., and H. N. Bhalme (1976), Oscillations of a Monsoon System .1. 665 

Observational Aspects, J. Atmos. Sci., 33, 1937-1954. 666 

Lau, W. K.-M., and D. E. Waliser (2005), Intraseasonal Variability in the Atmosphere-Ocean 667 

Climate System, 474 pp., Springer, Heidelberg, Germany. 668 

Lee, M. I., I. S. Kang, and B. E. Mapes (2003), Impacts of cumulus convection 669 

parameterization on aqua-planet AGCM Simulations of tropical intraseasonal 670 

variability, J. Meteorol. Soc. Japan, 81, 963-992. 671 



	 29

Lin, J.-L., G. N. Kiladis, B. E. Mapes, K. M. Weickmann, K. R. Sperber, W. Lin, M. C. 672 

Wheeler, S. D. Schubert, A. Del Genio, L. J. Donner, S. Emori, J.-F. Gueremy, F. 673 

Hourdin, P. J. Rasch, E. Roeckner, and J. F. Scinocca (2006), Tropical Intraseasonal 674 

Variability in 14 IPCC AR4 Climate Models. Part I: Convective Signals, J. Clim., 19, 675 

2665-2690. 676 

Lin, J. L., M. I. Lee, D. Kim, I. S. Kang, and D. M. W. Frierson (2008a), The impacts of 677 

convective parameterization and moisture triggering on AGCM-simulated convectively 678 

coupled equatorial waves, J. Clim., 21, 883-909. 679 

Lin, J. L., B. E. Mapes, K. M. Weickmann, G. N. Kiladis, S. D. Schubert, M. J. Suarez, J. T. 680 

Bacmeister, and M. I. Lee (2008b), North American monsoon and convectively coupled 681 

equatorial waves simulated by IPCC AR4 coupled GCMs, J. Clim., 21, 2919-2937. 682 

Lorenz, D. J., and D. L. Hartmann (2006), The Effect of the MJO on the North American 683 

Monsoon, J. Clim., 19, 333-343. 684 

Madden, R. A., and P. R. Julian (1994), Observations of the 40-50-Day Tropical Oscillation: A 685 

Review, Mon. Weather Rev., 122, 814-837. 686 

Magana, V., J. A. Amador, and S. Medina (1999), The midsummer drought over Mexico and 687 

Central America, J. Clim., 12, 1577-1588. 688 

Maloney, E. D., and D. L. Hartmann (2000a), Modulation of Eastern North Pacific Hurricanes 689 

by the Madden-Julian Oscillation, J. Clim., 13, 1451-1460. 690 

Maloney, E. D., and D. L. Hartmann (2000b), Modulation of hurricane activity in the Gulf of 691 

Mexico by the Madden-Julian oscillation, Science, 287, 2002-2004. 692 

Maloney, E. D., and S. K. Esbensen (2003), The Amplification of East Pacific Madden-Julian 693 

Oscillation Convection and Wind Anomalies during June-November, J. Clim., 16, 694 

3482-3497. 695 

Maloney, E. D., and S. K. Esbensen (2007), Satellite and Buoy Observations of Boreal 696 

Summer Intraseasonal Variability in the Tropical Northeast Pacific, Mon. Weather 697 

Rev., 135, 3-19. 698 

Maloney, E. D., D. B. Chelton, and S. K. Esbensen (2008), Subseasonal SST variability in the 699 

tropical eastern north Pacific during boreal summer, J. Clim., 21, 4149-4167. 700 

Maloney, E. D., and J. Shaman (2008), Intraseasonal Variability of the West African Monsoon 701 

and Atlantic ITCZ, J. Clim., 21, 2898-2918. 702 



	 30

Martin, E. R., and C. Schumacher (2010), Modulation of Caribbean Precipitation by the 703 

Madden-Julian Oscillation, J. Clim.in press. 704 

Molinari, J., and D. Vollaro (2000), Planetary- and synoptic-scale influences on eastern Pacific 705 

tropical cyclogenesis, Mon. Weather Rev., 128, 3296-3307. 706 

Moorthi, S., and M. J. Suarez (1992), Relaxed Arakawa-Schubert - a Parameterization of Moist 707 

Convection for General-Circulation Models, Mon. Weather Rev., 120, 978-1002. 708 

Mullen, S. L., J. T. Schmitz, Renn, oacute, and N. O. (1998), Intraseasonal Variability of the 709 

Summer Monsoon over Southeast Arizona, Mon. Weather Rev., 126, 3016-3035. 710 

Neale, R. B., J. H. Richter, and M. Jochum (2008), The Impact of Convection on ENSO: From 711 

a Delayed Oscillator to a Series of Events, J. Clim., 21, 5904-5924. 712 

Nordeng, T. E. (1994), Extended versions of the convective parametrization scheme at 713 

ECMWF and their impact on the mean and transient activity of the model in the tropics. 714 

ECMWF Tech. Memo. 206, 41 pp. 715 

North, G. R., T. L. Bell, R. F. Cahalan, and F. J. Moeng (1982), Sampling Errors in the 716 

Estimation of Empirical Orthogonal Functions, Mon. Weather Rev., 110, 699-706. 717 

Numaguti, A. M., M. Takahashi, T. Nakajima, and A. Sumi (1995), Development of an 718 

atmospheric general circulation model. Climate System Dynamics and Modelling, Vol. 719 

I-3, T. Matsuno, Ed., Center for Climate System Research, 1-27. 720 

Paegle, J. N., L. A. Byerle, and K. C. Mo (2000), Intraseasonal Modulation of South American 721 

Summer Precipitation, Mon. Weather Rev., 128, 837-850. 722 

Rienecker, M. M., M. J. Suarez, R. Todling, J. T. Bacmeister, L. Takacs, H.-C. Liu, W. Gu, M. 723 

Sienkiewicz, R. D. Koster, R. Gelaro, I. Stajner, and J. E. Nielsen (2008), The GEOS-5 724 

Data Assimilation System-Documentation of Versions 5.0.1, 5.1.0, and 5.2.0 Goddard 725 

Space Flight Center, Greenbelt, Maryland 20771  726 

Roeckner, E., and Coauthors (1996), The atmospheric general circulation model ECHAM-4: 727 

Model description and simulation of present-day climate, MPI Rep. 218, 94 pp. 728 

Saha, S., S. Nadiga, C. Thiaw, J. Wang, W. Wang, Q. Zhang, H. M. Van den Dool, H. L. Pan, 729 

S. Moorthi, D. Behringer, D. Stokes, M. Pena, S. Lord, G. White, W. Ebisuzaki, P. 730 

Peng, and P. Xie (2006), The NCEP Climate Forecast System, J. Clim., 19, 3483-3517. 731 



	 31

Seo, K. H., and W. Q. Wang (2010), The Madden-Julian Oscillation Simulated in the NCEP 732 

Climate Forecast System Model: The Importance of Stratiform Heating, J. Clim., 23, 733 

4770-4793. 734 

Serra, Y. L., G. N. Kiladis, and K. I. Hodges (2010), Tracking and Mean Structure of Easterly 735 

Waves Over the Intra-Americas Sea, J. Clim., 0. 736 

Simmons, A., S. Uppala, D. Dee, and S. Kobayashi (2006), ERA-Interim: New ECMWF 737 

reanalysis products from 1989 onwards, ECMWF, Shinfield Park, Reading, Berkshire 738 

RG2 9AX, UK. 739 

Slingo, J. M., K. R. Sperber, J. S. Boyle, J. P. Ceron, M. Dix, B. Dugas, W. Ebisuzaki, J. Fyfe, 740 

D. Gregory, J. F. Gueremy, J. Hack, A. Harzallah, P. Inness, A. Kitoh, W. K. M. Lau, 741 

B. McAvaney, R. Madden, A. Matthews, T. N. Palmer, C. K. Park, D. Randall, and N. 742 

Renno (1996), Intraseasonal oscillations in 15 atmospheric general circulation models: 743 

Results from an AMIP diagnostic subproject, Climate Dyn., 12, 325-357. 744 

Slingo, J. M., P. M. Inness, and K. R. Sperber (2005), Modeling, in Intraseasonal Variability 745 

in the Atmosphere-Ocean Climate System, edited by W. K. M. Lau and D. E. Waliser, 746 

pp. 361-388, Springer, Heidelberg, Germany. 747 

Small, R. J., S. P. De Szoeke, and S.-P. Xie (2007), The Central American midsummer 748 

drought: Regional aspects and large-scale forcing, J. Clim., 20, 4853-4873. 749 

Small, R. J., S. Xie, E. Maloney, S. P. de Szoeke, and T. Miyama (2010), Intraseasonal 750 

variability in the far-east pacific: investigation of the role of air–sea coupling in a 751 

regional coupled model, Climate Dyn.in press. 752 

Sperber, K. R., S. Gualdi, S. Legutke, and V. Gayler (2005), The Madden-Julian oscillation in 753 

ECHAM4 coupled and uncoupled general circulation models, Climate Dyn., 25, 117-754 

140. 755 

Sultan, B., S. Janicot, and A. Diedhiou (2003), The West African monsoon dynamics. Part I: 756 

Documentation of intraseasonal variability, J. Clim., 16, 3389-3406. 757 

Thayer-Calder, K., and D. A. Randall (2009), The Role of Convective Moistening in the 758 

Madden-Julian Oscillation, J. Atmos. Sci., 66, 3297-3312. 759 

Tiedtke, M. (1989), A Comprehensive Mass Flux Scheme for Cumulus Parameterization in 760 

Large-Scale Models, Mon. Weather Rev., 117, 1779-1800. 761 



	 32

Tiedtke, M. (1993), Representation of Clouds in Large-Scale Models, Mon. Weather Rev., 121, 762 

3040-3061. 763 

Tokioka, T., K. Yamazaki, A. Kitoh, and T. Ose (1988), The Equatorial 30-60 Day Oscillation 764 

and the Arakawa-Schubert Penetrative Cumulus Parameterization, J. Meteorol. Soc. 765 

Japan, 66, 883-901. 766 

US CLIVAR Madden-Julian Oscillation Working Group (2009), MJO Simulation Diagnostics, 767 

J. Clim., 22, 3006-3030. 768 

Vintzileos, A., M. M. Rienecker, M. J. Suarez, S. D. Schubert, and S. K. Miller (2005), Local 769 

versus remote wind forcing of the equatorial Pacific surface temperature in July 2003, 770 

Geophys. Res. Lett., 32. 771 

Waliser, D. E. (2006), Predictability of tropical intraseasonal variability, in Predictability of 772 

weather and climate, edited by T. Palmer and R. Hagedorn, p. 718, Cambridge 773 

University Press. 774 

Wang, W. Q., S. Saha, H. L. Pan, S. Nadiga, and G. White (2005), Simulation of ENSO in the 775 

new NCEP coupled forecast system model (CFS03), Mon. Weather Rev., 133, 1574-776 

1593. 777 

Wang, W. Q., and K. H. Seo (2009), The Madden-Julian Oscillation in NCEP Coupled Model 778 

Simulation, Terrestrial Atmospheric and Oceanic Sciences, 20, 713-725. 779 

Weare, B. C., and J. S. Nasstrom (1982), Examples of Extended Empirical Orthogonal 780 

Function Analyses, Mon. Weather Rev., 110, 481-485. 781 

Wen, M., S. Yang, W. Higgins, and R. Zhang (2011), Characteristics of the Dominant Modes 782 

of Atmospheric Quasi-Biweekly Oscillation over Tropical–Subtropical Americas, J. 783 

Clim.in press. 784 

Wu, M. L. C., S. D. Schubert, M. J. Suarez, and N. E. Huang (2009), An Analysis of Moisture 785 

Fluxes into the Gulf of California, J. Clim., 22, 2216-2239. 786 

Xie, S.-P., H. Xu, W. S. Kessler, and M. Nonaka (2005), Air-Sea Interaction over the Eastern 787 

Pacific Warm Pool: Gap Winds, Thermocline Dome, and Atmospheric Convection, J. 788 

Clim., 18, 5-20. 789 

Zhang, C. D., M. McGauley, and N. A. Bond (2004), Shallow meridional circulation in the 790 

tropical eastern Pacific, J. Clim., 17, 133-139. 791 

Zhang, C. D. (2005), Madden-Julian oscillation, Rev. Geophys., 43, 36. 792 



	 33

Zhang, G. J., and N. A. Mcfarlane (1995), Sensitivity of climate simulations to the 793 

parameterization of cumulus convection in the Canadian Climate Centre general 794 

circulation model, Atmosphere-Ocean, 33, 407-446. 795 

Zhang, G. J., and M. Mu (2005), Effects of modifications to the Zhang-McFarlane convection 796 

parameterization on the simulation of the tropical precipitation in the National Center 797 

for Atmospheric Research Community Climate Model, version 3, J. Geophys. Res., 798 

110, D09109. 799 

Zhao, M., I. M. Held, S. J. Lin, and G. A. Vecchi (2009), Simulations of Global Hurricane 800 

Climatology, Interannual Variability, and Response to Global Warming Using a 50-km 801 

Resolution GCM, J. Clim., 22, 6653-6678. 802 

Zhao, M., and I. M. Held (2010), An analysis of the effect of global warming on the intensity 803 

of Atlantic hurricanes using a GCM with statistical refinement, J. Clim.in press. 804 

Zhao, M., I. M. Held, and G. A. Vecchi (2010), Retrospective forecasts of the hurricane season 805 

using a global atmospheric model assuming persistence of SST anomalies, Mon. 806 

Weather Rev.in press. 807 

 808 

 809 



	 34

Table 1: Participating models and brief descriptions 810 

Model 
Horizontal 
Resolution 

Vertical 
Resolution 

Cumulus Scheme Period Reference 

CAM3.5 
(NCAR) 1.9o lat  2.5o lon 26 

Mass flux  
(Zhang and Mcfarlane, 1995) 

20 years 1 Jan 
1986-31 Dec 2005  
 

Neale et al. (2008) 

CAM3z 
(SIO) 

T42 (2.8º) 26 
Mass flux 

(Zhang and Mcfarlane, 1995) 
15 years 29 Jan 

1980-23 Jul 1995 
Zhang and Mu (2005) 

CFS 
(NCEP) 

T62  (1.8º) 64 
Mass flux 

(Hong and Pan, 1998) 
20 years Wang et al. (2005) 

CM2.1 
(GFDL) 2o lat  2.5o lon 24 

Mass flux 
(Moorthi and Suarez, 1992) 

20 years Delworth et al. (2006) 

ECHAM4 
/OPYC 

(MPI via 
PCMDI) 

T42 (2.8º) 19 
Mass flux 

(Tiedtke, 1989; Nordeng, 1994) 
20 years 

Roeckner et al. (1996), 
Sperber et al. (2005) 

GEOS5 
(NASA) 1o lat  1.25º lon 72 

Mass flux 
(Moorthi and Suarez, 1992) 

12 years 1 Dec 
1993- 30 Nov 2005 

Rienecker et al. (2008) 

SNU-AGCM 
(SNU) 

T42 (2.8º) 20 
Mass flux 

(Numaguti et al., 1995) 
20 years 1 Jan 

1986- 31 Dec 2005 
Lee et al. (2003) 

SPCAM 
(CSU) 

T42 (2.8º) 26 
Super-parameterization  

(Khairoutdinov and Randall, 2001) 
19 years 1 Oct 

1985- 25 Sep 2005 
Khairoutdinov et al. (2005) 

HIRAM 
HIRAM-lores 

(GFDL) 

0.5o lat  0.6o lon 
2.0o lat  2.5o lon 

32 
Mass flux 

(Bretherton et al., 2004) 
19 years 1 Jan 

1990- 31 Dec 2008 
Zhao et al. (2009) 
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 817 

Figure 1 Observed and model simulated summer mean (May-October) rainfall patterns 818 

(shaded; see color bar at the bottom with units of mm day-1) and 850hPa winds (vectors; m 819 

s-1). Wind vectors are plotted on every three grid points in both x,y directions in 820 

observations, and on every four, six, and two grid points in GEOS5, HIRAM, and other 821 

GCMs, respectively.  822 
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 823 

Figure 2 Standard deviation of 10-90-day band-pass filtered summertime (May-October) 824 

rainfall based on observations and model simulations (unit: mm day-1).  Note that in order 825 

to eliminate the potential influences of the horizontal resolution, the standard deviations 826 

are calculated on the same 2.5o by 2.5o grids in all these datasets. 827 
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 834 

 835 

Figure 3 (X-axis) Pattern correlation coefficients for summer mean (May-Oct) precipitation 836 

between TRMM observations and model simulations; (Y-axis) Relative domain-averaged 837 

amplitude of simulated summertime precipitation standard deviation in each model to its 838 

observational counterpart. Both pattern correlation of mean rainfall and domain-averaged 839 

amplitude of precipitation standard deviations are derived over the area of 5oS-30oN, 840 

150oW-80oW. The “star” mark represents the observations. 841 
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 855 

 856 

Figure 4 Percentage variances explained by the first ten EEOF modes of summer (May-Oct) 857 

rainfall over the eastern Pacific (140oW-90oW; EQ-30oN) based on TRMM observations 858 

and model simulations. Error bars are determined based on the formula by North et al. 859 

(1982). Leading modes as denoted by two red (blue) dots represent the two quadratic 860 

EEOFs corresponding to the first (second) ISV modes in each dataset with percentage of 861 

variance explained by each mode labeled above or below. 	862 
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 876 

Figure 5 Pattern correlation coefficients of the first ISV mode (x-axis) / second ISV mode (y-877 

axis) between TRMM observations and simulations.  878 
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	889 

	890 

	891 

	892 

Figure 6 Normalized spectral density of unfiltered PC time series derived by projecting (a) the 893 

first ISV mode and (b) the second ISV mode onto unfiltered TRMM and model simulated 894 

rainfall anomalies (seasonal cycle removed). 895 
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 901 

Figure 8 Longitude-time evolution of rainfall anomalies associated with the first ISV mode 902 

based on observed and GCM simulated rainfall. The rainfall in each panel is averaged 903 

between 10oS-15oN over the longitudes west of 150oW, and between 5oN-15oN east of 904 

150oW. Dashed line over the eastern sub-domain in each panel represents an eastward 905 

propagation phase speed of 4 deg day-1. 906 
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 907 

Figure 9 Latitude-time evolution of rainfall over the EPAC (130oW-90oW) of the first ISV 908 

mode based on TRMM observations and GCM simulations. Dashed lines represent a 909 

northward propagation speed of 0.6 deg day-1.  910 

 911 
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 912 

 913 

Figure 10 Similar as in Fig. 7, but for evolution of rainfall (shaded) and 850hPa winds 914 

(vectors) associated with the second ISV mode over the EPAC based on observations and 915 

GCM simulations. 916 
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 919 

 920 



	 45

 921 

Figure 11 Same as Fig. 9, but for the second ISV mode. The dashed line in each panel denotes 922 

the northward propagation phase speed of 1.2 deg day-1 for the observed QBM over the 923 

EPAC. 924 


